INTRODUCTION
Malate dehydrogenase (-malate-NAD + oxidoreductase ; EC 1.1.1.37 ; MDH), an enzyme in the tricarboxylic acid cycle, is a homodimeric molecule in most organisms, including all eukaryotes examined so far, but exists as a homotetramer in some micro-organisms, notably the Bacillus species [1, 2] . The dimeric MDH has been well studied from several organisms. Thus the gene encoding this MDH species has been cloned and sequenced from Escherichia coli [3, 4] , Thermus fla us [5] and Thermus aquaticus [6] ; X-ray crystallographic studies have yielded threedimensional structures for the MDHs from porcine heart mitochondria [7] and cytosol [8] , E. coli [9] and T. fla us [10] . By contrast, there is considerably less information about the tetrameric MDHs. No gene for this MDH species has yet been sequenced and none of these enzymes has been studied by X-ray crystallography. An interesting question is whether there are any specific structural features that cause these MDHs to aggregate as tetramers. Immunological comparison of the dimeric and tetrameric MDHs showed that the native tetrameric MDHs from Bacillus species, thermophilic and mesophilic, exhibited good cross-reaction but there was no significant cross-reaction between native tetramers and native dimers, suggesting little surface structural similarity between these types of oligomeric MDHs [1, 11] . However, significant cross-reaction was observed between the subunits of all MDHs examined, indicating some sequence similarity even between the dimeric and tetrameric enzymes [11] .
Lactate dehydrogenase (-lactate-NAD + oxidoreductase ;
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MDH, unlike most other MDHs, is tetrameric. A 1 kb fragment containing the BI MDH gene, produced in a PCR, has been cloned into a high-expression E. coli plasmid vector. BI MDH synthesized from this clone constitutes about 47 % of the total protein in cell extracts of the E. coli strain carrying the clone. MDH purified from BI and that purified from the E. coli strain carrying the MDH gene clone appear to be identical proteins by several criteria. A number of characteristics of the MDH have been elucidated, including the molecular masses of the native enzyme and the subunit, N-terminal amino acid sequence, isoelectric point, pH optimum for activity, thermostability, stability to pH, urea and guanidinium chloride and several kinetic parameters. Whereas the MDH is a stable tetramer in the pH range 5-7, it appears to be converted into a stable dimer at pH 3.5. This suggests that the dimer is a stable intermediate in the dissociation of the tetramer to monomers at low pH. EC 1.1.1.27 ; LDH) is a 2-hydroxy acid dehydrogenase like MDH. These two enzymes catalyse similar reactions ; in both cases there is reversible stereospecific transfer of a hydride ion from a reduced substrate (-malate or -lactate) to the oxidized coenzyme (NAD + ) yielding the reduced coenzyme (NADH), a proton and the oxidized substrate (oxaloacetate or pyruvate). The two enzymes also have similar three-dimensional structures [12, 13] , and several amino acid residues crucial in catalysis are conserved between the two enzymes. However, the level of similarity between the overall primary structures of MDH and LDH is rather low [14] . Eukaryotic LDHs are tetrameric [15] . Bacterial LDHs can form dimers and tetramers, but the tetramer has higher affinity for the substrate and is more active than the dimer and is stabilized by activating compounds such as fructose 1,6-bisphosphate [16] .
In the present investigation we have cloned and overexpressed in E. coli the gene encoding the tetrameric MDH in a thermophilic Bacillus. The cloned gene has been sequenced and the sequence compared with those of several other MDHs and LDHs. We also report the isolation of Bacillus MDH from the overproducing E. coli strain and several of its characteristics.
MATERIALS AND METHODS

Bacterial strains
The bacterium from which the MDH gene was cloned is a moderately thermophilic Bacillus species growing optimally at 55-58 mC. It was characterized taxonomically as an amylasenegative strain of Bacillus stearothermophilus [17] . However, there is some doubt about this classification in view of its DNA base composition. We refer to this strain as BI.
The other bacterial strains used were :
For the isolation of BI DNA, the bacterium was grown aerobically at 55 mC in DYT broth (1.6 % tryptone\1 % yeast extract\0.5 % NaCl, pH 7.4). For MDH isolation, BI was grown aerobically at 55 mC in continuous culture in a salts medium [18] containing 50 mM sodium acetate as the carbon source, at a dilution rate of 0.25-0.35 h −" . The effluent culture was collected in a vessel cooled at 4 mC, and the cells were harvested by centrifugation at 4 mC and stored frozen until used.
E. coli strains were grown aerobically at 37 mC in DYT broth.
Plasmid and phage vectors
The vectors used were pMTL23 [19] , pMTL1003 [20] and M13mp19 [21] . 
Chemicals and reagents
Preparation of BI gene bank
BI chromosomal DNA was partially digested at 37 mC with Sau3A restriction enzyme to produce fragments in the 6-7 kb range. The digest was electrophoresed in 0.8 % agarose gel, and the 6-7 kb fragments fraction was isolated from the gel. The plasmid vector pMTL23 was digested with BamHI enzyme at 37 mC and then heated at 70 mC for 10 min. The cut vector was dephosphorylated with calf intestine alkaline phosphatase and purified by phenol extraction and ethanol precipitation. The BI chromosomal fragments isolated from the electrophoretic gel were ligated at 14 mC into the purified cut vector with T % DNA ligase, and the ligation mixture was used to transform E. coli Top 10 cells treated with CaCl # [22] . The transformation mixture was spread on DYT plates containing ampicillin (100 µg\ml), 5-bromo-4-chloro-indolyl β--galactoside (X-Gal) (80 µg\ml) and isopropyl β--galactoside (IPTG) (50 µg\ml), and the plates were incubated at 37 mC.
Plasmid pMTL23 contains, besides the ampicillin-resistance marker, the E. coli lac promoter and lacZ gene. White colonies on the DYT-X-Gal plates will putatively carry the plasmid containing the BI DNA inserts within the lacZ gene. To confirm this, 20 white colonies were grown in DYT broth containing ampicillin, and plasmid preparations were made from the cultures. The plasmids were digested with BamHI enzyme and electrophoresed in agarose gel ; as expected, 6-7 kb DNA fragments were detected in the gel.
More than 4000 white colonies were individually grown in DYT broth supplemented with ampicillin, contained in the wells of a multiwell plate. After the addition of a drop of sterile glycerol to each well, the gene bank was stored at k70 mC.
Isolation of BI chromosomal DNA
DNA was isolated from BI cells (4 g wet weight), harvested from an overnight DYT broth culture, by a modification of the method of Marmur [23] , washed sequentially in 70, 80, 90 and 100 % (v\v) ethanol, dried and dissolved in 2 ml of 10 mM Tris\HCl\1 mM EDTA, pH 8, buffer.
Purification of BI MDH
MDH was isolated from acetate-grown BI cells by a modification of the method described previously [24] . MDH from the extract of acetate-grown BI cells, prepared in 40 mM Tris\HCl buffer, pH 7.5, containing 1 mM EDTA, 0.1 mM PMSF and 1 mM dithiothreitol (DTT), was absorbed on a Procion Red HE-3B-Sepharose column. The column was washed with buffer containing 20 mM KCl, and the MDH was eluted with buffer containing 10 mM -malate and 0.4 mM NAD + . The MDH was further purified by FPLC on Mono Q (Pharmacia) first at pH 7.2 and then at pH 8.8, the enzyme being eluted by a gradient of 0-1 M NaCl. The buffer at pH 7.2 was 10 mM sodium phosphate\potassium phosphate and that at pH 8.8 10 mM NaHCO $ . The MDH in the active fractions from the second anion-exchange chromatography step was precipitated with (NH % ) # SO % and stored at 4 mC. MDH from cells of E. coli TG-1 carrying the BIMDH1003 clone was isolated as follows. An extract of the E. coli cells grown aerobically overnight at 37 mC in DYT containing ampicillin (100 µg\ml) was heated at 55 mC for 30 min and the supernatant obtained after centrifugation was fractionated on a Procion Red HE-3B-Sepharose column as described above. The active MDH fractions were chromatographed on Mono Q at pH 7.2.
Antibody preparation
MDH purified from BI was diluted to 1 mg\ml in PBS buffer (8 mM Na # HPO % , 1.5 mM KH # PO % , 137 mM NaCl, 2.7 mM KCl, pH 7.4), and 1 ml of the diluted enzyme was injected into a rabbit. After 3 weeks, another 0.5 mg of the enzyme was injected. After 6 weeks, 25 ml of blood was drawn from the rabbit and stored overnight at 4 mC. The coagulated blood was centrifuged at 3000 g for 10 min, and the serum was collected.
Before being used for screening the BI gene bank, the serum was treated with an extract of E. coli Top 10 cells in order to neutralize any antibodies to E. coli proteins present in the serum. Cells from 6 ml of an E. coli Top 10 overnight culture in DYT medium were lysed by the lysozyme\Brij method [24] in a total volume of 400 µl. The serum was incubated with 2 vol. of the lysate at 4 mC for 2 h.
Screening of the BI gene bank for BI MDH gene clones
Clones from the gene bank (4000) were individually inoculated on to Hybond C membranes (Amersham International) placed on DYT agar medium containing ampicillin (100 µg\ml) and grown overnight at 37 mC. The colonies on the membrane were lysed as follows. The membrane was placed in 40 mM Tris\HCl buffer, pH 8, containing 250 µg\ml lysozyme and incubated for 15 min at room temperature. A solution containing 5 % (w\v) Brij 58 and 200 mM MgSO % was added to the Tris\lysozyme buffer with the membrane to a final concentration of 0.5 % Brij and 20 mM MgSO % , and the incubation was continued for a further 15 min. The membrane was washed for 30 min in PBS buffer containing Tween 20 (500 µl\l), the cell debris was removed with a sterile glove and the membrane was washed again. The membrane was then agitated in blocking buffer (containing 1 ml of fish skin gelatin per 90 ml of PBS buffer) for 30 min at room temperature. The rabbit antiserum treated with E. coli cell lysate was diluted 3000-fold in blocking buffer and the membrane was placed in this and agitated for 2 h, care being taken to prevent the membrane drying and irreversibly binding the antibody. The membrane was then washed three times in PBS\Tween 20 buffer and immersed in the revealing antibody (goat anti-rabbit IgG conjugated to horseradish peroxidase, diluted 3000-fold in PBS\Tween buffer). After agitation for 1.5-2 h, the membrane was washed three times in PBS\Tween buffer, and a solution of diaminobenzidine and H # O # (one tablet of diaminobenzidine dissolved in 15 ml of PBS buffer with 12 µl of H # O # added immediately before use) was poured on the washed membrane. Positive colonies turned red within a few minutes.
Control experiments showed that the antiserum was specific for BI MDH and did not interact with E. coli MDH and that a 3000-fold dilution of the antiserum revealed at least 1 ng of BI MDH without producing an interfering background on the membrane.
Overexpression of BI MDH gene in E. coli
Plasmid BIMDH32 carrying the BI MDH gene was digested with Bgl II enzyme, and the 2.3 kb fragment containing the MDH gene was isolated. This fragment was used as the template in a PCR using the primers, 5h-AGGATGGACTCGAGCAT-ATGGCGATTAAAAG-3h and 5h-GAGCGGTTCTCGAGG-AATTGAAAG-3h. These primers were designed to introduce respectively an NdeI site including the translation initiation codon ATG at the start of the MDH-coding sequence and an XhoI site approx. 100 bp downstream of the C-terminal codon of the MDH gene. The PCR product, approximately 1 kb long, was ligated into the TA cloning vector (Invitrogen, San Diego, CA, U.S.A.), and the ligation mixture was transformed into the E. coli strain supplied with the cloning kit. The transformants contained the BI MDH gene as shown by screening with the anti-MDH serum. The plasmid containing the MDH gene was isolated from a positive transformant, digested with NdeI and XhoI enzymes, and the 1 kb fragment was isolated. This fragment was ligated into plasmid vector pMTL1003 which had been cut with NdeI and XhoI enzymes and then treated with calf intestine alkaline phosphatase. pMTL1003 has the lac promoter system immediately upstream of the NdeI site in the polylinker, and cloning of the 1 kb fragment containing the BI MDH gene into the vector at the NdeI site was expected to place the translation initiation codon of the gene at an optimal distance from the ribosome-binding site of this strong promoter system and result in high expression of the MDH gene. The putative recombinant pMTL1003 plasmid carrying the MDH-gene-containing fragment, designated BIMDH1003, was transformed into E. coli TG-1. The transformants, appearing white on X-Gal-containing plates as expected, tested positive with anti-(BI MDH) serum, confirming their identity. Restriction analysis of the plasmid isolated from the transformant with NdeI and XhoI enzymes corroborated this conclusion.
DNA sequencing
The 2.3 kb fragment from BIMDH32 was partially digested with Sau3A enzyme to generate 200-600 kb fragments. The fragments were isolated after electrophoresis of the digest in agarose and ligated into the replicative form of M13mp19 phage cut with BamHI enzyme and dephosphorylated with calf intestine alkaline phosphatase. The ligation products were transfected into E. coli TG-1. Single-stranded recombinant M13mp19 templates were isolated from the plaques and annealed to universal primer, and DNA sequencing was performed by the dideoxy chain termination method of Sanger et al. [25] . Computer programs supplied by DNASTAR (Madison, WI, U.S.A.) were used to obtain the whole DNA sequence from the sequences of the fragments. Uncertainties in the sequence (on either strand) were resolved by sequencing the plasmid BIMDH32 using oligonucleotide primers designed to sequences 100 bp from the regions of uncertainty. The plasmid used for the sequencing was isolated from E. coli DH5α rather than from E. coli TG-1 because the former yielded clearer sequences.
The plasmid-sequencing method was also used to verify the sequence of the 1 kb fragment containing BI MDH gene in clone BIMDH1003.
Determination of the level of expression of BI MDH gene from BIMDH1003
The immunotitration method used has been described previously [2] ; it takes advantage of the observation that antibodies to BI MDH do not cross-react with E. coli MDH. Briefly E. coli TG-1 carrying the BIMDH1003 clone was grown aerobically at 37 mC overnight in DYT medium containing ampicillin, and a cell extract was prepared by the lysozyme\Brij method. The cell extract, after suitable dilution, was incubated with various amounts of the anti-(BI MDH) serum, and the BI MDHantibody complex was precipitated with formalin-fixed Staphylococcus aureus cells, which contained Protein A. The supernatant liquid was assayed for MDH activity. The activity removed from the cell extract by the antiserum in this experiment was assumed to be due to BI MDH.
MDH and protein assays
The MDH assay system for oxaloacetate reduction (1 ml) contained 60 mM sodium phosphate\potassium phosphate buffer, pH 7.5, 0.2 mM NADH and 0.3 mM oxaloacetate. The decrease in A $%! due to the oxidation of NADH was monitored at 30 mC after the addition of enzyme. One unit of enzyme activity was equivalent to the oxidation of 1 µmol of NADH per min. The assay in the direction of malate dehydrogenation was carried out in 0.1 M Tris\HCl buffer, pH 7.5, with 3 mM -malate, 1 mM NAD + , 10 mM semicarbazide and enzyme ; the rate of increase in A $%! was measured. Protein was determined by the biuret method [26] in cell extracts and in the 1-10 mg\ml range and by the Bradford method [27] at lower concentrations.
Determination of the N-terminal and internal amino acid sequences of BI MDH
Amino acid sequences were determined using an Applied Biosystems model 477 protein sequencer. About 200 pmol of MDH purified from BI was applied to a poly(vinylidene fluoride) membrane using a Prospin cartridge (Applied Biosystems), and the N-terminal 26 residues were identified. Internal amino acid sequences were obtained as follows. The purified MDH was boiled in 0.1 M Tris\HCl containing 0.1 % (w\v) SDS, pH 8.5, for 5 min and cooled. Sequencing-grade trypsin was added to a final concentration of 2 % (w\w) of the MDH concentration, and the mixture was incubated at 37 mC for 16 h. The proteolysis was stopped by adding anhydrous trifluoroacetic acid to a final concentration of 0.1 %. The peptides were fractionated by reverse-phase HPLC on a C18 silica column ; the elution was carried out with a gradient of methyl cyanide (0-60 %) in 0.1 % trifluoroacetic acid at a flow rate of 1 ml\min. The isolated peptides were applied to polyprene-treated glass-fibre discs for sequence determination.
Recombinant DNA and related methods
Standard techniques [28] were employed.
Molecular mass of BI MDH and its subunit
The molecular mass of the native BI MDH was determined at pH 7 by gel filtration through a 24 ml Superose 12 (Pharmacia) column using an FPLC system ; the Superose column was calibrated with marker proteins. The enzyme, contained in 0.2 M Mes buffer, pH 7, supplemented with 0.15 M NaCl, was applied to the column and then eluted with the same buffer mixture at a flow rate of 0.75 ml\min. The molecular mass of the subunit was assessed by SDS\PAGE of the denatured protein on a 10-15 % gradient PhastGel (Pharmacia) alongside marker proteins.
pH optimum for enzyme activity
The rate of oxaloacetate reduction was measured at 30 mC in the pH range 4-10.5, which was covered by four overlapping buffers at 20 mM concentration with 80 mM NaCl added to maintain a high and constant ionic strength. The buffers were : sodium acetate (pH 4.0-5.0), Mes (pH 5.0-7.0), triethanolamine (pH 6.5-8.5) and ethanolamine (pH 8.5-10.5) ; pH was adjusted with 100 mM HCl or 100 mM NaOH. The concentrations of oxaloacetate and NADH were 0.3 and 0.2 mM respectively. The rate of malate dehydrogenation was measured at 30 mC in the pH range 4.0-12.0. The buffers, at 20 mM concentration with 80 mM NaCl added, were : sodium acetate, Mes, triethanolamine and ethanolamine as above, NaHCO $ (pH 10.5-11.5) and sodium phosphate (pH 11.5-12.0). The malate and NAD + concentrations were 3 and 1 mM respectively, and the assay system also contained 10 mM semicarbazide.
Effect of pH on stability of BI MDH
The stability of the MDH was examined over the pH range 4.0-12.0, covered by the buffers used for determining the pH optimum for malate dehydrogenation. Purified MDH, at a concentration of 100 µg\ml, was incubated at room temperature for 30 min in the appropriate buffer, and a portion of this mixture was taken for assay of MDH activity by the standard method (oxaloacetate reduction).
Effect of pH on the quaternary structure of MDH
BI MDH at a concentration of 2 mg\ml was incubated in buffer of the required pH for 30 min at room temperature. The buffers used were sodium acetate (pH 3.5, 4.0, 4.5) and Mes (pH 5.0, 6.0, 7.0) at 200 mM concentration with 150 mM added NaCl. The incubation mixture (100 µl) was loaded on an FPLC Superose 12 gel-filtration column (24 ml) which had been calibrated with marker proteins and equilibrated with the buffer used in the incubation of the MDH. The marker proteins with their molecular masses were : cytochrome c (12.4 kDa), carbonic anhydrase (29 kDa), BSA (66 kDa), E. coli MDH (65 kDa) and IgG (150 kDa). MDH was eluted from the Superose column with the same buffer at a flow rate of 0.75 ml\min. The quaternary structure of the enzyme was inferred from the molecular mass estimated from the elution volume.
Stability of BI MDH to guanidinium chloride (GdmCl)
The unfolding of the MDH molecule by GdmCl was monitored by measuring the fluorescence emission at 305 nm after excitation at 278 nm. BI MDH does not contain tryptophan, and therefore the decrease in fluorescence on unfolding was due to the exposure of the tyrosine residues to the solvent. Purified MDH, at a concentration of 70 µg\ml, was incubated in 0.5 M potassium phosphate buffer, pH 7.4, containing 1 mM DTT and GdmCl at the required concentration, for 16 h at 22 mC, and the fluorescence was measured with a Perkin-Elmer LS5 fluorescence spectrophotometer. The fluorescence reading was corrected for the background fluorescence of buffer containing no MDH. The GdmCl concentration was varied in 0.05 M steps in the region of the unfolding transition and in 0.2 M steps outside this region. In preliminary experiments it was established that unfolding equilibrium was attained on 16 h incubation. The unfolding parameters were evaluated by fitting the fluorescence data to the equations given by Staniforth et al. [29] using the non-linear regression-fitting program Enzfitter [30] .
Steady-state kinetic parameters
Steady-state initial reaction rates were determined in terms of the rate of change of A $%! due to the oxidation\reduction of NADH\NAD + , with a Perkin-Elmer Lambda 2 UV\Vis spectrophotometer at 30 mC, with the required concentrations of substrates and coenzymes in the buffer systems used for the standard assays. The data were analysed with Enzfitter, and the kinetic parameters were evaluated.
Electrophoretic techniques
The Phast system (Pharmacia) was used for the electrophoresis of native and denatured proteins according to the manufacturer's instructions. DNA was electrophoresed by the method described by Sambrook et al. [28] .
RESULTS
Cloning of BI MDH gene
Screening of the gene bank prepared from BI chromosomal DNA with anti-(BI MDH) serum detected three clear positive clones among 4000 colonies from the bank. Plasmids isolated from the three clones were retransformed into E. coli TG-1, and the transformants again tested positive with antiserum. The E. coli TG-1 strains carrying the three positive clones were grown in DYT medium containing ampicillin, and cell extracts were prepared and heated at 60 mC for 30 min and assayed for MDH activity. In control experiments, it was observed that this heattreatment almost completely inactivated E. coli MDH and that nearly 42 % of BI MDH activity survived the heat-treatment. These experiments suggested strongly that BI MDH activity was present at significant levels in extracts of cells of the E. coli strains that harboured the three clones. These clones, putatively containing the BI MDH gene, were designated BIMDH1, BIMDH2 and BIMDH3.
Restriction analysis of the three recombinant plasmids with several restriction enzymes indicated that they consisted of pMTL23 with BI DNA inserts approx. 6.4-8.8 kb long, that the inserts were similar and that in BIMDH1 the direction of insertion was opposite to that in BIMDH2 and BIMDH3. Since the lac promoter in pMTL23 functions unidirectionally, it was also inferred that the BI MDH gene was expressed from its own promoter in at least one of the three clones and hence E. coli must be able to recognize the BI promoter. Further analysis, involving digestion with restriction enzymes and screening with anti-(BI MDH) serum, located the MDH gene to a 2.3 kb fragment with a Bgl II site at either end. This fragment was isolated from BIMDH3 and cloned into pMTL23, cut with Bgl II enzyme, in the right direction for expression of the MDH gene from the vector lac promoter. This plasmid clone was designated BIMDH32.
Overexpression of BI MDH gene in E. coli
A fragment, approx. 1 kb long, isolated from the PCR system using the 2.3 kb fragment from BIMDH32 as template, was cloned into plasmid pMTL1003. This clone, BIMDH1003, Tables 3 and 4) , BI MDH accounted for 47 % of the protein in the cell extract. A similar value for the level of expression was obtained in an experiment in which MDH activity was assayed after inactivation of the E. coli MDH by heat-treatment of the cell extract at 60 mC for 30 min (see above). Using the vector pMTL1003, we have previously achieved a similar level of expression of the T. aquaticus MDH gene [31] . The nucleotide sequence of the fragment containing the BI MDH gene in BIMDH1003 was determined on both strands. The sequence of the MDH gene in this fragment was the same as the sequence of the gene in the 2.3 kb fragment carried in BIMDH32, which was derived from the BI gene bank via BIMDH3. This established that the PCR which produced the MDH gene present in BIMDH1003 did not insert any errors into the gene sequence.
Nucleotide sequence of BI MDH gene
A 1400-nucleotide sequence containing the BI MDH-coding region is shown in Figure 1 . The MDH-coding sequence, starting at nucleotide 291, was deduced on the basis of the N-terminal amino acid sequence and the amino acid sequences of internal peptides determined with purified BI MDH. This open reading frame (ORF) terminates at nucleotide 1226 and is immediately followed by the translation termination codon TAG. The ORF, 936 nucleotides long, will code for a polypeptide of 312 amino acids with a molecular mass of 33 648 Da, which agrees with the experimentally determined value of 35 kDa for the molecular mass of the BI MDH subunit. The isoelectric point of the MDH calculated from the amino acid sequence is 5.23, which compares well with the experimentally determined value of approx. 5.5. An interesting feature of the MDH gene sequence is that it is relatively AT-rich, with an AT mol% value of 58.12. Table 1 presents the pattern of codon usage in the MDH gene. In most of the degenerate third positions of the codons bases A and T
Figure 2 Cluster diagram showing the amino acid sequence similarity of BI MDH to other MDHs and LDHs
The cluster diagram was obtained by using the program PILEUP as explained in the text. Abbreviations are : Pigmldh, pig muscle LDH ; Dfldh, dogfish LDH ; Pighldh, pig heart LDH ; Bsldh, B. stearothermophilus LDH ; Bimdh, BI MDH ; Mousemmdh, mouse mitochondrial MDH ; Pigmmdh, pig mitochondrial MDH ; Ecomdh, E. coli MDH ; Mousecmdh, mouse cytosolic MDH ; Pigcmdh, pig cytosolic MDH ; Thmdh, T. aquaticus MDH. appear more frequently than bases G and C. This pattern is significantly different from that for two other thermophiles belonging to the genus Bacillus, namely B. stearothermophilus and Bacillus caldotenax, the DNA of which is relatively GC-rich [32] . Sequence AGGATG in position 275-280 (Figure 1 ) is presumably the Shine-Dalgarno sequence, which is thought to have an important role in the initiation of translation [33] , as it is quite similar to the canonical Shine-Dalgarno sequence, AAGGAGG, in Bacillus subtilis [34] .
Amino acid sequence comparison between BI MDH and other MDHs and LDHs
The amino acid sequences of the MDHs and LDHs were compared by alignment using the program PILEUP as implemented in the GCG package of Devereux et al. [35] . The results are shown in Table 2 and Figure 2 . From Table 2 a rather surprising conclusion emerges that BI MDH has a higher level of sequence identity, sequence similarity and structural similarity to the LDHs, which are tetramers or more active as tetramers, than to the other MDHs, which are dimers. It is seen from Figure 2 that mitochondrial MDHs cluster with E. coli MDH and cytosolic MDHs with T. aquaticus MDH. The LDHs cluster separately. BI MDH is situated between the MDH and LDH groups but is more similar to the LDHs than to the MDHs.
Comparison of amino acid residues in specific positions in MDHs and LDHs
The BI MDH amino acid sequence was aligned with the sequences of other MDHs and LDHs in order to compare amino acids in specific positions. The alignment is shown in Figure 3 .
BI MDH contains all of the residues conserved in LDHs and other MDHs. These include glycine residues in positions 28, 30 and 33, the only exceptions here being the two cytosolic MDHs, which have alanine in position 33. These three residues in the Nterminal region are part of the nucleotide-binding domain [40] . The residue in position 53 is aspartate in all the enzymes including BI MDH except T. aquaticus MDH, in which there is a conservative change to glutamate ; this residue is also involved in the binding of the nucleotide coenzyme [40] . A mutant form of T. aquaticus MDH carrying aspartate in this position has been produced by Alldread et al. [41] . Arginine-109, aspartate-168, arginine-171 and histidine-195, which are active-site residues [42] conserved in all known MDHs and LDHs, appear in BI MDH.
Some amino acids are conserved differently between MDHs and LDHs. Arginine-102 is totally conserved in MDHs, but LDHs have glutamine in this position. Clarke et al. [43] and Nicholls et al. [44] have shown that the arginine provides substrate specificity for oxaloacetate with MDH and that the glutamine provides specificity for pyruvate with LDH. Methionine-107 and alanine-250 are conserved in the MDHs, and the corresponding conserved residues in LDHs are glutamate and isoleucine. These residues are also probably involved in determining substrate specificity, and BI MDH logically falls in line with MDHs. Arginine-173 is conserved in all LDHs, and a change of this residue to glutamine in B. stearothermophilus LDH disrupts the regulation of its tetrameric structure [45] . It is interesting that, of 
Figure 3 Alignment of BI MDH amino acid sequence with the sequences of other MDHs and LDHs
The alignment is based on that by Birktoft et al. [38] , which took into account structural considerations as well as sequence identity. The numbering of the amino acid residues is based on the numbering system of Eventoff et al. [39] for dogfish muscle LDH. This system was adopted at a time when the exact sequence of this LDH was not known. Consequently in the alignment shown here some numbers are not used (e.g. 21, 82, 104) and sometimes the same number refers to more than one amino acid residue and these residues are distinguished by different letters (e.g. 132A, 132B ; 210A, 210B 
Purification of BI MDH
The purifications of MDH from BI and E. coli TG-1 cells carrying clone BIMDH1003 are summarized in Tables 3 and 4 respectively. The final preparations appeared pure, as shown by the presence of a single protein band on SDS\PAGE of the denatured proteins using a Pharmacia PhastGel system. The two MDH preparations were identical in several characteristics : specific activity, electrophoretic mobility of the native and denatured forms in polyacrylamide, isoelectric point and Nterminal amino acid sequence (see below). We infer therefore that the same MDH is produced in BI and from clone BIMDH1003 in E. coli. Characterization of the MDH was undertaken with the purified preparation obtained from E. coli, except where indicated otherwise.
Molecular mass of native MDH and subunit
The molecular mass of the native enzyme, determined by gel filtration, was approx. 140 kDa. The molecular mass of the MDH subunit, obtained by SDS\PAGE of the denatured enzyme, was 35 kDa. Thus, as reported previously, the MDH is a stable tetramer.
Other characteristics
The isoelectric point of the MDH, determined by electrophoresis on a narrow range (pH 4.5-6.5) Pharmacia PhastGel with marker proteins, was approx. 5.5 ; a single protein band was seen from the purified MDH. The value predicted from the nucleotide sequence of the MDH gene is 5.23. The sequence of the first 15 N-terminal amino acids, determined with the purified enzyme using an Applied Biosystems Protein Sequencer, was AIKRKKIXVIGAGFT, where the residue X could not be unambiguously identified. The same sequence was found in the MDH isolated from BI. The nucleotide sequence of the MDH gene shows that translation is initiated with N-formylmethionine. However, the enzymes isolated from Table 5 Effect of pH on the quarternary structure of BI MDH BI MDH was equilibrated at various pHs and fractionated on an FPLC Superose 12 gel-filtration column at the pH of equilibration. From the elution volume of the MDH from the column, the molecular size (quaternary structure) of the MDH at each pH was estimated. Calibration of the column with marker proteins showed that an elution volume of 13.7 ml corresponded to a molecular mass of 70 kDa (dimer) and an elution volume of 12.7 ml corresponded to a molecular mass of 140 kDa (tetramer). BI and the overexpressing E. coli both have alanine at the N-terminus. It seems that E. coli processes the protein in the same way as BI and removes the N-terminal formylmethionine. It is known that, when alanine is the amino acid following N-formylmethionine, it becomes the N-terminal residue in the mature protein [46] . The optimum pH for the reduction of oxaloacetate was 7.5-8.0 at 30 mC and that for the oxidation of -malate 11-11.5. A higher pH for the oxidation reaction is generally seen with NAD + -linked dehydrogenases.
Stability of BI MDH activity at different pH values
During incubation for 30 min at room temperature, the enzyme was most stable between pH 7 and 8, where a loss of less than 5 % activity was observed. On either side of this pH range, it was appreciably less stable, losing about 20 % activity at pH 6 and 9.
Change in BI MDH quaternary structure with pH
This was investigated by gel filtration of the MDH at different pHs through a Superose 12 (Pharmacia) column with an FPLC system. The molecular mass of the enzyme was estimated from its elution volume and the elution volumes of appropriate protein markers from the column. Over the pH range 5-7, the elution volume of the MDH corresponded to a molecular mass of about 140 kDa and a tetrameric structure. As the pH was lowered below 5, the elution volume increased indicating a dissociation of the tetramer. At pH 3.5 the elution volume was indicative of a molecular mass of about 70 kDa and a dimeric structure (Table  5 ). Since the protein became insoluble below pH 3.5, it was not possible to determine whether monomers would be formed at lower pH. The dissociation of the tetramer to the dimer was reversed when the protein was re-equilibrated at pH 7, as shown by the elution volume from the Superose column and the regain of enzyme activity. It was not possible to establish whether the dimer has any enzyme activity since the activity assay cannot be carried out at the low pH at which the dimer exists in a stable form.
It is evident from these results that BI MDH can exist as a stable dimer at low pH and that the tetramer does not dissociate into monomers in a single step as the pH is lowered. Whereas eukaryotic LDHs are tetramers, bacterial LDHs can exist as dimers and tetramers, the tetrameric form having higher catalytic activity and affinity for the substrate and being stabilized by activators [15, 16] . BI MDH, a bacterial MDH structurally more
Figure 4 Stability of BI MDH and E. coli MDH to urea
MDHs isolated from BI and E. coli [4] (0.4 mg/ml) were incubated at 30 mC for 6 min in 60 mM sodium phosphate/potassium phosphate buffer, pH 7.5, containing 0.2 mM NADH with various concentrations of urea, and the enzyme activity was then assayed after the addition of 0.3 mM oxaloacetate. , BI MDH ; #, E. coli MDH.
similar to LDHs than to dimeric MDHs, however, has a stable tetrameric structure at physiological pH. The subunit interactions in the tetrameric and dimeric forms of BI MDH would be an interesting subject for investigation.
Thermostability and stability to chemical denaturants
MDH isolated from BI was incubated at 60 mC in 10 mM sodium phosphate\potassium phosphate buffer, pH 7.2, at a protein concentration of 0.4 mg\ml for various periods of time, cooled on ice for 20 min and assayed for enzyme activity at 30 mC. The MDH retained more than 50 % of its activity after incubation at 60 mC for 1 h. In a similar experiment, MDH purified from E. coli retained less than 1 % of its activity.
The effect of urea on the two enzymes was studied by incubating MDH isolated from BI and E. coli with various concentrations of urea in 60 mM sodium phosphate\potassium phosphate buffer, pH 7.5, containing 0.2 mM NADH at 30 mC for 6 min and then measuring the activity in the presence of urea after the addition of the substrate oxaloacetate (Figure 4) . Initially there was an activation of BI MDH, which reached a maximum of about 20 %, as the urea concentration was increased to 3.5 M. Enzyme inactivation occurred at higher concentrations of urea, 50 % of the activity being lost with 5 M urea. E. coli MDH showed no initial activation but was steadily inactivated as the urea concentration was raised. The enzyme lost 50 % of its activity at 2 M urea and almost all the activity at 4 M urea.
The unfolding of BI MDH in GdmCl was studied by measuring the fluorescence of the enzyme at various concentrations of GdmCl ( Figure 5 ). There was an initial increase in fluorescence between 0 and 1.5 M GdmCl, possibly caused by the binding of guanidinium ions to the protein. There was then a simple twostate unfolding transition between 1.6 and 3.6 M GdmCl, indicating that subunit dissociation and unfolding occurred simultaneously. The mid-point of the unfolding transition was at 2.27 M GdmCl. The value for ∆G w (see Table 6 for definition) was k21.9 kJ:mol −" , and about 22 internal side chains became
Figure 5 Unfolding of BI MDH by GdmCl
Purified BI MDH (70 µg/ml) was incubated at 22 mC for 16 h in 0.5 M potassium phosphate buffer, pH 7.4, containing 1 mM DTT with various concentrations of GdmCl, and the fluorescence of the incubation mixtures was determined at 305 nm after excitation at 278 nm.
Table 6 Stability characteristics of BI MDH and three other MDH enzymes
The values for pig cytosolic and T. aquaticus MDHs are based on the data of Duffield et al. [47] and those for E. coli on the data of Goward et al. [48] . The data were recalculated by the method of Staniforth et al. [29] . The errors are the standard errors derived from the curve-fitting algorithm. ∆G solvated during the unfolding process, which is a measure of the co-operativity of the unfolding process. Table 6 compares the stability characteristics of the tetrameric BI MDH with three other MDHs, which are dimeric. The BI enzyme is considerably more stable than the two mesophilic enzymes from E. coli and pig cytosol, in terms of both denaturation by GdmCl and thermal inactivation. The GdmCl concentrations at the mid-points of the unfolding transitions increase in parallel with the thermal stabilities. The two mesophilic enzymes show a much higher degree of co-operativity of unfolding than the two thermophilic enzymes. The interpretation of the conformational free energies is less clear, as the E coli enzyme has a high value, despite being relatively unstable compared with the two thermophilic enzymes. However, conformational free energies must always be considered in conjunction with the cooperativity of the unfolding process. The correlation between thermostability and stability to the chemical denaturant GdmCl that is evident here is frequently, but not always, seen with proteins, although the mechanisms of thermal and chemical denaturation are not the same. The correlation may be related to general protein structural stability.
The present study shows that the thermophilic BI MDH is, as expected, more thermostable and more stable to chemical denaturants than the mesophilic E. coli MDH. A proper comparison should be between BI MDH, a tetramer, and a tetrameric MDH from a mesophile. Our previous studies have, however, shown that the tetrameric MDH from the mesophile, B. subtilis, is rather less stable to heat and chemical perturbants than E. coli MDH [11] .
Kinetic characteristics of BI MDH
In Table 7 are given the steady-state kinetic parameters for BI MDH with respect to various substrates and coenzymes. The two k cat values for oxaloacetate reduction by NADH, one derived by varying the oxaloacetate concentration and the other by varying the NADH concentration, are nearly equal as expected, as are the two k cat values for malate oxidation by NAD + . The rate of oxaloacetate reduction is considerably faster than the rate of malate oxidation at pH 7.5, as is generally the case with NAD + -linked dehydrogenations. The K m value for the reduced coenzyme, NADH, is appreciably lower than that for the oxidized coenzyme, NAD + . This is also observed with NAD + -dependent dehydrogenases and is probably due to the positive charge on the nicotinamide ring in NAD + making the binding of this coenzyme form to the hydrophobic binding pocket in the enzyme energetically less favourable than the binding of the neutral NADH [13] .
The specificity of BI MDH for NADH is not absolute as shown by the comparative k cat , K m and k cat \K m values for NADH and NADPH (Table 7) , although NADH is much the preferred coenzyme. However, pyruvate and α-oxoglutarate substitute for oxaloacetate much less efficiently (Table 7) . Although the LDH substrate pyruvate is a poor substrate relative to oxaloacetate for BI MDH, the k cat \K m value for pyruvate in this system is nearly twice the corresponding parameter for E. coli MDH [43] . A possible explanation for this is that structurally the tetrameric BI MDH is more similar to LDHs than to the dimeric MDHs such as E. coli MDH.
Citrate, which inhibits malate oxidation and activates oxaloacetate reduction by porcine mitochondrial and cytosolic MDHs and inhibits the binding of malate to E. coli MDH, has no effect on the activity of BI MDH. This appears to be another characteristic in which the tetrameric BI enzyme differs from its dimeric counterparts. Like other MDHs, BI MDH is inhibited by the substrate oxaloacetate at higher concentrations.
DISCUSSION
BI MDH has previously been shown [1] to be a tetramer with a subunit molecular mass of about 35 kDa. The subunit molecular mass has been confirmed in this study from the amino acid sequence of the enzyme and also by SDS\PAGE of the denatured MDH. The molecular mass of the native enzyme has also been confirmed to be about 140 kDa by gel filtration of the native MDH. To our knowledge the gene for no other tetrameric MDH has yet been unambiguously identified and sequenced or hyperexpressed. In a recent paper Jin and Sonenshein [49] describe the cloning and sequencing of two citrate synthase genes from B. subtilis. They have also sequenced an ORF downstream of one of the citrate synthase genes (citZ ) and inferred it to be the gene encoding isocitrate dehydrogenase on the basis of sequence similarity to the isocitrate dehydrogenase genes in E. coli and Saccharomyces cere isiae, of loss of enzyme activity due to mutation in the gene and of complementation tests. Another ORF, downstream from the isocitrate dehydrogenase gene, which was not sequenced completely, has been tentatively assumed to be the gene for MDH. The B. subtilis MDH is also tetrameric [1] . We have recently cloned and sequenced the isocitrate dehydrogenase gene from BI and found it to be just upstream of the MDH gene (R. Dajani, D. J. Nicholls, M. D. Scawen and T. K. Sundaram, unpublished work). Genetic mapping locates the isocitrate dehydrogenase gene and the MDH gene both at 259m on the B. subtilis chromosome [50] . Thus in both B. subtilis and BI these two genes are located contiguously on the bacterial chromosome, which contrasts with their marked physical separation on the E. coli chromosome [51] . It is possible, but not established, that the two genes may be parts of a single operon in the Bacillus species.
Comparison of the amino acid sequence of BI MDH with the sequences of LDHs and other (dimeric) MDHs shows that, while BI MDH has all the residues conserved in both MDHs and LDHs, it carries some residues that are conserved only in the MDHs and some conserved only in the LDHs. Amino acids conserved only in the MDHs generally have a function in catalysis, and at least one residue, arginine-173, conserved in LDHs and BI MDH, appears to have a quaternary structural role as indicated by the work referred to above [45] and by more recent work in which the tetrameric LDH of B. stearothermophilus was converted into a stable dimeric form by protein engineering [52, 53] . By more than one criterion examined in this study, BI MDH exhibits a stronger structural resemblance to the tetrameric LDHs than to the dimeric MDHs. This provides some explanation as to why this MDH, unlike the MDHs from the majority of organisms, is tetrameric. It would be interesting to generate mutant forms of BI MDH, particularly ones in which arginine-173 and aspartate-143 were changed to other amino acids, and examine their quaternary structures. It may be possible to produce a stable dimeric BI MDH in this way, and it would then be pertinent to ask whether such a dimer is enzymically active.
From an amino acid sequence alignment, such as that presented in Figure 3 , the mammalian LDHs, which are always tetrameric, are seen to have an N-terminal extension of more than ten amino acid residues in comparison with their bacterial counterparts (in Figure 3 B. stearothermophilus LDH is the only bacterial LDH). Bacterial LDHs can exist in either the tetrameric or dimeric form, the tetramer having higher enzyme activity and affinity for the substrate. The N-terminal extension in mammalian LDHs wraps around the protein like an arm and facilitates the aggregation of two dimers to form a stable tetramer [15] . BI MDH does not possess the N-terminal extension but nevertheless exists as a stable tetramer. The detailed molecular basis of the tetrameric structure of Bacillus MDH remains to be elucidated.
Soon after its isolation, BI was characterized as an amylasenegative strain of B. stearothermophilus by taxonomic tests [17] . From DNA melting data the mol% of GC in BI DNA was worked out to be 47.5 % by Sharp et al. [32] and to be 36 % by White et al. [54] . Despite this discrepancy, it is evident that BI DNA is relatively AT-rich in contrast with the DNAs of several B. stearothermophilus strains and of other thermophiles belonging to the genus Bacillus, such as B. caldotenax, Bacillus caldolyticus and Bacillus caldo elox, which all have a GC content of more than 50 % [32] . The AT-richness of BI DNA is reflected in the base composition of the BI MDH gene (58.12 % AT). If BI is indeed a strain of B. stearothermophilus, it is somewhat atypical in the base composition of its genome. 
